ABSTRACT: Studying the interaction between neuronal cells and chiral molecules is fundamental for the design of novel biomaterials and drugs. Chirality influences all biological processes that involve intermolecular interaction. One common method used to study cellular interactions with different enantiomeric targets is the use of chiral surfaces. Based on previous studies that demonstrated the importance of cysteine in the nervous system, we studied the effect of L-and D-cysteine on single neuronal growth. L-Cysteine, which normally functions as a neuromodulator or a neuroprotective antioxidant, causes damage at elevated levels, which may occur post trauma. In this study, we grew adult neurons in culture enriched with L-and D-cysteine as free compounds or as self-assembled monolayers of chiral surfaces and examined the effect on the neuronal morphology and adhesion. Notably, we have found that exposure to the L-cysteine enantiomer inhibited, and even prevented, neuronal attachment more severely than exposure to the D-cysteine enantiomer. Atop the L-cysteine surfaces, neuronal growth was reduced and degenerated. Since the cysteine molecules were attached to the surface via the thiol groups, the neuronal membrane was exposed to the molecular chiral site. Thus, our results have demonstrated high neuronal chiral sensitivity, revealing chiral surfaces as indirect regulators of neuronal cells and providing a reference for studying chiral drugs.
C
hirality is a major aspect in the design, discovery, and development of novel biomaterials and drugs. The discovery of the importance of stereochemistry in biochemical environments dates back to 1860, when Pasteur reported on the different destruction rates of dextro and levo ammonium tartrate by the mold Penicillium glaucum. 1 It was found that amino acids are all L-enantiomers, whereas most of the sugars have the D-configuration. Thus, chirality, which represents an intrinsic property of the "building blocks of life", influences all biological processes that involve intermolecular interactions, demonstrating sensitivity to stereochemistry. 2−5 A common method to study interactions of cells with different enantiomeric targets is the use of chiral surfaces. 6, 7 Surfaces can be considered chiral if they are based on chiral crystals or on templates with chiral molecules. 8 Hanein et al. have examined the interaction of epithelial cells with chiral crystals, and showed that cells attach in a different manner to the two crystal enantiomer surfaces, thus demonstrating sensitivity to surface chirality on the angstrom scale. 9 They reported differential adhesion of epithelial cells to enantiomorphous crystal surfaces of the [011] faces of the (R,R)-and (S,S)-calcium tartrate tetrahydrate. Moreover, they found that cell attachment to the chiral crystal surface is not followed by normal cell spreading and development of focal adhesions, but results in massive cell death. 10 These stereospecific behaviors were reported for additional types of cells, including immune cells, affecting cell−substrate interaction and cell adhesion. 11−15 Interestingly, when administering the two enantiomers in solution to the cell medium, no effect on their adhesion and growth was detected, when compared to the regular medium. 9 Previous studies have demonstrated stereoselectivity of neuronal tissue, with high functional sensitivity to chirality. 16 In this work, we studied the influence of molecular chiral configuration and chiral surface interaction on single neuronal cells. We examined chiral surfaces based on cysteine, since it has been known to play an important role in neuronal tissues and in the brain. L-Cysteine (L-Cys) is a precursor for the synthesis of glutamate-cysteine-glycinetripeptide (glutathione, GSH), a neuroprotective antioxidant. 17−19 Low levels of L-Cys are required for normal neuronal function. 20 Recent studies have also suggested a role of L-Cys as a neuromodulator in neuronal activity, 21−24 affecting N-methyl-D-aspartate (NMDA) gated currents. 25−27 On the other hand, elevated levels of L-Cys lead to damage and a neurotoxic effect which may injure neurons 28−33 (reviewed by Janaḱy et al. 34 ). Evidence exists that high levels of L-Cys may develop following neuronal trauma such as brain ischemia.
The importance of L-cysteine in brain function, and its wide range of effects, from a neuroprotective to a neurotoxic reagent, raises the question as to how neurons interact with cysteine, and whether there is a difference between the two cysteine enantiomers. Moreover, how cysteine and cysteine-based chiral surfaces may affect neuronal growth and regeneration is significant for the development of therapeutic applications.
We have grown adult neurons in culture, interacting with LCys and D-Cys as free compounds or as chiral surfaces, at different concentrations. We used primary neurons of a simple model, the medicinal leech that allows a detailed morphological analysis at the single cell level to study the effect of the two enantiomers. We used well-defined self-assembled monolayers (SAMs) of L-and D-Cys on gold surfaces as the growth substrates (as described in the Methods and in previous articles 6, 7 ). We studied a graded influence of cysteine, examining the toxic effect of high levels of L-Cys as detected post-trauma. Comparing the L-Cys effect with the influence of D-Cys on the neuronal growth enabled us to examine whether the effect can be masked. Thus, our study may contribute to the understanding of cysteine−neuron interactions and neuronal chiral sensitivity.
■ RESULTS AND DISCUSSION
The Role of Cysteine in the Nervous System. In the nervous system, L-Cys is related to the modulation of neuronal activity. Keller and coauthors have shown that L-Cys is released from rat brain slices upon depolarization in a Ca 2+ -dependent manner. 21 In nociceptive neurons in vitro, L-Cys augments Ttype currents, which are voltage-gated calcium channels. 36, 37 LCys lowers the threshold for excitability, thus inducing T-type Ca 2+ channel-dependent burst firing. 22 Cysteine residues can selectively activate NMDA receptors at low concentrations 26, 27 and have led to inhibition of glutamate reuptake and to neuronal excitation. 38 These results suggest that cysteine is released from neuronal compartments and may be involved in neurotransmission, acting as a neuromodulator. Under normal physiological conditions, L-Cys, which is the natural configuration of cysteine, has a protective role against neurotoxicity. 39−41 However, a review by Janaḱy et al. 34 presents a possible neurotoxicity effect of L-Cys which may injure neurons. Several studies linked neuronal trauma with elevated levels of LCys in the central nervous system (CNS). During brain ischemia in gerbils, the levels of cysteine rise above normal levels while levels of GSH fall. 35 Interestingly, a cysteine-rich intestinal protein, HmCRIP, which is an important factor in the regulation of the inflammatory immune response, is upregulated after axotomy in leech neurons. 42 Thus, the study of the role of cysteine in neuronal growth and the effect of cysteine on neuronal outgrowth morphology is important and has not yet been reported.
We studied the neurite outgrowth of adult neurons from leech dissociated ganglia treated with cysteine or attached to cysteine SAM surface. Previous studies have demonstrated the sensitivity of the nervous system to chiral configuration. 43, 44 Chiral enantiomers were developed as safer alternatives to medical drugs. 45 We tested the interaction of both L-Cys and DCys with the neurons. We grew primary leech neurons on chiral SAM surfaces with L-Cys and D-Cys and in regular culture medium enriched with L-Cys and D-Cys (low and high concentrations of 2 and 10 mM respectively, see experimental sections). For each condition we measured the neuronal morphology and adhesion rate and compared it to the cultures with no supplemented cysteine, as described in Baranes et al. 46 The adhesion and neuronal morphology were traced for several days and up to a week ( Figure 1 ). We consider morphometric analysis as a useful tool to quantify the effect of the different treatments on neurons and as a method to evaluate the influence on neuronal state and outgrowth. In addition, we performed electrophysiological recordings of single neurons in culture, before and after supplementing cysteine to the medium (L-Cys and D-Cys); see the Supporting Information.
Neurons Growing in Culture Media Enriched with Land D-Cys Solutions. In control cultures, one day after plating, almost 40% of the plated neurons were attached to the substrates (no cysteine). For 20% of the attached neurons, neurites have initiated from the soma (Figure 2A ,B, left set of bars, light blue). Figure 2A demonstrates the effect on neuronal adhesion following the addition of L-Cys and D-Cys to the medium. One day after plating, in low-D-Cys solution, a slightly lower percentage of neurons was attached to the substrates than in the control plates (no significant difference). For cultures enriched with L-Cys, less neurons were attached to the substrates than for both control and cultures enriched with DCys (25 ± 2% and 30 ± 4%, respectively). For the higher concentrations of L-Cys and D-Cys, only 5% and 8% of the plated neurons were attached to the substrates, respectively. As for the percentage of neurons with neurites, after one day in culture, both low-L-Cys and low-D-Cys had similar percentages as the control (22 ± 4%, 24 ± 3%, and 22 ± 1%, respectivly ( Figure Six days after plating, the adhesion rate was still 35% for the control cultures. Almost 90% of the attached neurons initiated neurites (Figure 2A , B, right set of bars, light blue). For cultures supplemented with low concentration of D-Cys, the adhesion rate and percentage of neurons with neurites were similar (35% attached neurons, 89% of which are with neurites). For cultures supplemented with low-L-Cys, the adhesion rate was lower (27%). For the high concentrations of D-Cys and L-Cys, the adhesion rates were even lower than 10% (7% for high-L-Cys and 9% for high-D-Cys). Again, addition of L-Cys to the medium suppressed growth and led to significantly less neurites than for neurons treated with D-Cys Figure 2C demonstrates the average total branching tree length for the control and treated neurons. We found that after one day in culture, the average total branching tree length of neurons growing in medium conditioned with low-L-Cys is almost half of that of neurons supplemented with low-D-Cys (161 ± 28 μm and 315 ± 37 μm, respectively). It can be seen that neurons in the low-D-Cys cultures developed similar branching tree length to neurons in the control cultures. For both high-L-Cys and high-D-Cys cultures, the average total branching tree lengths were significantly lower ( Figure 2C ).
Similar trends were measured after 6 days in culture. It can be seen that neurons in the low-D-Cys cultures developed similar branching tree length as the control, and significantly longer than the low-L-Cys (p < 0.05, Scheffe test), as well as the high concentrations ( Figure 2C) .
The results presented in Figure 2 demonstrate an inhibiting effect of L-Cys on neuronal growth that seems to reduce and even prevent neuronal attachment and growth. The effect is chiral sensitive and the exposure of neurons to D-Cys has led to less damage; the morphometric parameters we measured for neurons treated with low-D-Cys were similar to those of the control plates. We also demonstrated a concentration-dependent effect. The attachment and growth of neurons in the presence of 10 mM L-Cys and D-Cys that are considered high toxic concentrations were reduced in comparison to the 2 mM concentration which is close to the cysteine levels post neuronal trauma. 35 In previous studies, the effect of the two enantiomers of cysteine on cellular attachment has been examined for nonneuronal systems. Gillin and Diamond examined the effect of the addition of L-Cys and D-Cys to the growth medium on the attachment of the parasite Entamoeba histolytica to glass. No differences between the cultures enriched with L-Cys and D-Cys were found. 47 Gazit et al. demonstrated possible damage to neuronal tissue of the natural configuration of cysteine, L-Cys. They showed that L-Cys injection into mice can cause pronounced hypoglycemia and central neural damage. 28 Neurons Growing atop L-Cys and D-Cys SAM Surfaces. Next, we studied the influence of L-Cys and D-Cys SAM surfaces on neuronal growth. High resolution scanning electron microscopy (HR-SEM) micrographs of neurons atop the SAM surfaces demonstrate less adhesion and dendritic growth for neurons growing atop the L-Cys surfaces compared to neurons growing atop the D-Cys surfaces (Figure 3, upper panels) . Fewer neurites grew out of the cell soma, and the branching tree is less developed. Zooming into the branching tree region shows short degenerated neurites atop the L-Cys surfaces, and long and developed neurites atop the D-Cys surfaces (Figure 3,  lower panels) .
A quantitative analysis of the adhesion rate of the neurons after one day in culture atop the L-Cys and D-Cys SAM surfaces demonstrates no significant effect on the neuronal growth. However, by day 6, neurons atop the D-Cys surfaces attached to the surface at a similar rate as those of the control cultures, and significantly higher than those atop the L-Cys surfaces (35 ± 3% vs 21 ± 3%, low concentration coatings, day 6, p < 0.05, Scheffe test) ( Figure 4A ). Figure 4B shows that, after one day, there was an outgrowth of almost no neurties for neurons atop the SAM surfaces, an amount significantly less than the control (2 ± 1%, 2 ± 1% and 23 ± 1%, respectively, p < 0.001, GLM test). Significant differences are seen between L-Cys and D-Cys for the lower concentration on day 6. (C) Average total branching tree length for the low and high concentrations of L-Cys and D-Cys, and for the control, 1 day and 6 days after plating. Scheffe test, labeled in orange, compares two conditions *p < 0.05; GLM test, labeled in black, was used for multiple groups, *p < 0.05, **p < 0.005, ***p < 0.001.
Six days after plating, 27 ± 5% of the neurons atop the low-DCys surfaces developed neurites, while only 12 ± 6% developed neurites atop the low-L-Cys (88 ± 1% atop the control, p < 0.001, GLM test).
Growth atop the two chiral SAM surfaces affected the outgrowth and the total branching tree length differently. It can be seen that neurons atop the D-Cys surfaces developed longer branching trees than neurons atop the L-Cys surfaces (504 ± 48 μm vs 318 ± 46 μm, 6 days, low-concentration coating) ( Figure  4C ). Interestingly, the branching tree length on the D-Cys surfaces resembled the branching tree length of the control neurons (506 ± 46 μm).
For SAM surfaces with high concentrations of L-and D-Cys, the statistics of the morphological parameters were similar to those of the high-L-Cys and high-D-Cys solutions.
Our results for interaction of neurons with L-Cys and D-Cys SAMs demonstrate a clear effect on the attachment and adhesion of neurons to surfaces. The L-Cys coating reduces the ability of neurons to attach to the surface and to develop optimized branching trees. These results are opposed to previous studies of the interaction of non-neuronal cells with Cys-treated surfaces. Fibroblast cells grown atop gold surfaces coated with cysteine of both chiral configurations (L-and D-) demonstrated better adhesion to the L-Cys assembled surfaces than to the D-Cys surfaces. 48 Interaction of immune cells with chiral surfaces of L-and D-NIBC (N-isobutyryl-L(D)-cysteine) molecules also led to different adhesion and morphology of the cells, presenting better attachment to the L-Cys coated surfaces. 13 A recent study using mesenchymal stem cells has shown an effect similar to that of fibroblast cells. The density of the cells was higher on the L-Cys-coated surface than on the DCys enantiomer, and cells adhesion was enhanced. 49 To summarize, the study of chiral molecules and surfaces is of great importance for finding safer alternatives to drugs. Here, we have reported a different effect of two cysteine enantiomers on the attachment and growth of primary neurons. The L-Cys enantiomer seemed to be more toxic to the neurons than the DCys. Two settings were studied in our experiments: regenerating neurons in medium enriched with L-Cys and DCys, and regenerating neurons atop L-Cys and D-Cys SAM surfaces. In both settings, the L-Cys affected neuronal growth more significantly than the D-Cys that led to similar outgrowth pattern as the control. Exposure to the L-Cys enantiomer inhibited, and even prevented, neuronal attachment, in a concentration-dependent manner. Both approaches affected development of the neuronal branching tree, although the effect on the surfaces was delayed in comparison to treatment with cysteine solutions. Results from both settings demonstrate a different response of neurons to L-Cys vs D-Cys. The SAMs experimental assay demonstrates clearly that the sensitivity is to chirality. Neurons adhere better to the D-enantiomer, developing an elaborated dendritic tree. Interestingly, the addition of L-Cys as a free compound also affected neuronal adhesion. A possible explanation might be the L-Cys excitotoxicity that suggested as coupled to NMDA receptors 29 that have a role in neuronal membrane adhesion. 50 A protective role for D-Cys has been suggested, acting via different biochemical pathway than the L-Cys. 51 Since the cysteine atop the SAMs is attached to the gold surface through a specific site, its thiol group, the neuronal membrane, interacts with the surface only via the Cys chiral sites. Previous studies have shown that the different effect of the two enantiomers can be related to different protein amounts absorbed on the surface which helps the cells adhere better to the L-enantiomer surface. 15, 48, 52, 53 It has been suggested that chiral molecules can affect proteins by noncovalent interaction 54, 55 such as stereoselective hydrophobic and hydrogen bonding effects. 53, 56 These effects may influence the interactions of cells with chiral surfaces as we showed in our study, since neurons interact with the surface trough the N-terminal hydrophobic group of the transmembrane receptors.
Our study demonstrates that the chiral site of the cysteine molecule may be the switch between the protective to the toxic interaction. The results suggest that chirality is important. LCys, which is required for normal brain function as an antioxidant compound and a neuromodulator, turns to be toxic at high levels, while D-Cys, with its concentration-dependent response manner, may provide a protective therapeutic route.
■ METHODS Substrate Fabrication. Au films of 50 nm thickness (99.995%) were deposited on mica (KAl 2 (AlSi 3 O 10 )(OH) 2 ) substrates using a high vacuum sputtering technique at a pressure of approximately 1 × 10 −3 mbar with a deposition rate of 0.5 nm/s. Figure 5 presents a typical atomic force microscopy (AFM) scan of the mica surface covered with a layer of ultraflat gold. The X-ray diffraction of the gold surfaces shows a sharp peak at approximately 2θ = 38°corresponding to the (111) crystal plane orientation of gold. Other peaks (green lines) corresponding to orientations of gold other than (111) were not observed, indicating strong crystal orientation of the thin gold film. The X-ray photoelectron spectroscopy of the chiral self-assembled monolayers shows peaks for nitrogen, sulfur and carbon, confirming the presence of cysteine on the surface (Supporting Information Figure S2 ). AFM measurements of the gold films show very smooth films with an average root-mean-square (RMS) roughness of 5 Å and with typical gold grain sizes of 60 nm ( Figure 5A ).
For the chiral SAMs, we used enantiomers of cysteine. Chiral SAMs were formed on gold surfaces by immersing the gold substrates overnight in 2 mM and 10 mM solutions of L-and D-Cys in deionized water. After removal from solutions, the chiral SAM surfaces were washed thoroughly with water and blown dry with nitrogen. Substrates were kept in dark until plating cells atop them. The formation and structure of the Cysteine SAMs on the gold surfaces were verified using various techniques: X-ray photoelectron spectroscopy (XPS), grazing angle Fourier transform infrared, and contact angle measure- ments (see the Supporting Information). The stability of the SAM surfaces was previously detected, presenting high and long-term chemical stability for the duration of the experiments. 3 Cell Culture. Culturing method has been previously described; 46 briefly, neurons were isolated from the CNS of adult medicinal leeches Hirudo medicinalis. Leeches were anaesthetized in 8% ethanol in leech Ringer before dissection. Nerve cords were dissected and ganglia were removed and pinned on Sylgard Petri dishes. Then, ganglia were treated enzymatically with 2 mg/mL collagenase/dispase enzyme solution (Roche, Mannheim, Germany) for 1 h at room temperature. Next, ganglia capsules were opened to expose the cells. Neuronal cells were rinsed and plated on the different substrates (see also schematic diagram in Figure 1 ). Neurons out of three ganglia (total of 1200 cells in a volume of 100 μL) were plated on each substrate. For L-or D-Cys solution cultures, cysteine solutions were added to each culture accordingly (2 and 10 mM final concentrations in the medium). One day after plating, enriched medium was added to the cultures (Leibovitz L-15 supplemented with 6 mg/mL glucose, 0.1 mg/mL gentamycin, 2 mM/mL glutamine, and 2% fetal bovine serum), and Land D-Cys was added to reach the right concentration (2 mM and 10 mM) in the culture medium. As for L-Cys, D-Cys and control substrates, only enriched medium was added to the cultures. Control substrates (not the L-and D-Cys substrates) were precoated with Concanavalin-A (Con-A) (Sigma-Aldrich Co., Saint Louis, MO, 0.5 mg/mL). Plates were kept in a 25°C incubator for up to 2 weeks. Neuronal growth was followed during this period.
High Resolution Scanning Electron Microscopy. Six days after plating, neurons growing atop the L-and D-Cys substrates were fixed using 2.5% paraformaldehyde/2.5% gluteraldehyde in 0.1M sodium cacodylate buffer for 1 h at room temperature. After fixation, cultures were repeatedly rinsed in PBS (no Ca 2+ , no Mg 2+ , pH 7.2) and then treated with guanidine-HCl/tannic acid (4:5) solution (2%) for 1 h at room temperature. Cultures were repeatedly rinsed in PBS and then dehydrated in graded series of ethanol (50%, 70%, 80%, 90%, and 100%) and finally with graded series of Freon (50%, 75%, 100% × 3). At the end, the preparations were dried and sputtered with carbon before examination by HR-SEM (Magellan 400L, FEI, Hillsboro, OR).
Morphometric Analysis. We measured the morphometric parameters of neurons on the different chiral substrates and compared them to neurons on the control substrates. Figure 1D demonstrates the morphometric parameters measured: the number of neurons attached to the substrate, the number of neurons with neurites and the neurite's total branching tree length. Attached neurons and neurons with neurites were measured manually. To measure process length we used NeuronJ, 57 an ImageJ plugin (US National Institutes of Health, Bethesda, MD), which enables semiautomatic tracing of neurites and length measurements.
Statistical Analysis. A minimum of three plates were considered for each substrate for the purpose of analysis. Neurons out of 3 ganglia per culture dish were plated (as described in the Cell Culture subsection). All neurons were measured for adhesion rate and outgrowth rate. The total branching tree lengths were measured for all neurons that developed neurites. Measurements of the morphometric parameters were summarized in bar charts. Error bars represent standard errors. In order to test the differences in frequency morphology for the various group types, the GLM procedure was performed, followed by Scheffe's test. P-values are presented for each parameter measured. 
